ABSTRACT: Gigahertz-to-terahertz spectroscopy of macromolecules in aqueous environments provides an important approach for identifying their global and transient molecular structures, as well as directly assessing hydrogen-bonding. We report dielectric properties of zwitterionic dodecylphosphocholine (DPC) micelles in aqueous solutions over a wide frequency range, from 50 MHz to 1.12 THz. The dielectric relaxation spectra reveal different polarization mechanisms at the molecular level, reflecting the complexity of DPC micellewater interactions. We have made a deconvolution of the spectra into different components and combined them with the effective-medium approximation to separate delicate processes of micelles in water. Our measurements demonstrate reorientational motion of the DPC surfactant head groups within the micelles, and two levels of hydration water shells, including tightly and loosely bound hydration water layers. From the dielectric strength of bulk water in DPC solutions, we found that the number of waters in hydration shells is approximately constant at 950 ± 45 water molecules per micelle in DPC concentrations up to 400 mM, and it decreases after that. At terahertz frequencies, employing the effective-medium approximation, we estimate that each DPC micelle is surrounded by a tightly bound layer of 310 ± 45 water molecules that behave as if they are an integral part of the micelle. Combined with molecular dynamics simulations, we determine that tightly bound waters are directly hydrogen-bonded to oxygens of DPC, while loosely bound waters reside within 4 Å of micellar atoms. The dielectric response of DPC micelles at terahertz frequencies yields, for the first time, experimental information regarding the largest scale, lowest frequency collective motions in micelles. DPC micelles are a relatively simple biologically relevant system, and this work paves the way for more insight into future studies of hydration and dynamics of biomolecular systems with gigahertz-to-terahertz spectroscopy.
INTRODUCTION
Biological membrane components are amphipathic molecules, such as surfactants and lipids that can undergo surface and interfacial adsorption when dissolved in an aqueous solution. When surfactant molecules are dispersed in water, they aggregate to form micelles above a critical concentration, with the hydrophobic tails making up the core and hydrophilic head groups forming the shell. The separation of the hydrophobic and hydrophilic regions of micelles has been utilized extensively as an excellent tool to mimic biological environments and activities of lipid membranes. 1−3 Among a large variety of amphipathic molecules available for purifying and characterizing membrane proteins, the zwitterionic surfactant dodecylphosphocholine (DPC) (Figure 1 ) forms spherical micelles with aggregation numbers of about 56 ± 5 at a concentration greater than the critical micelle concentration of 1 mM in aqueous solution. 4, 5 The zwitterionic surfactants are electrically neutral, but the charge they carry in the phosphocholine headgroup does influence the hydrophilic properties. Many zwitterionic surfactants have been used as model membrane systems because of characteristics such as the ability to form stable micelles, 6, 7 and the ability to bind to peptides and proteins while mimicking the anisotropic environment of a lipid membrane.
6−9 DPC micelles have a simpler structure 10 than most proteins, so studying the dynamics of micelles and their hydration layers offers an opportunity to determine processes that are not related to the specific structural vibrations of proteins. The outer micelle's hydrophilic surface is in contact with water, and thus, the system offers an opportunity to investigate the interaction of water with hydrophilic, biologically relevant surfaces.
The dynamics of water in the hydration layer around proteins and other biomolecules play a crucial role in different aspects of biological processes. Some studies have concluded that water molecules in the hydration layer are rigidly attached to surfaces of molecules, resulting in an increase in the effective volume of the molecules. 11 On the contrary, evidence for the dynamic nature of the hydration layer is also abundant, 12 with some suggesting that there are fast and slow dynamic processes within the hydration layer. Some of the dynamical processes in proteins have been suggested as solvent slaved motions. 13 The significance of the hydration layers cannot be overstated in biological processes and reactions, as they control the structure and function of biological systems. 14 There are many experimental techniques that allow the investigation of dynamics and structure of hydration water on a biomolecular surface. These include time-resolved fluorescence, 15 dielectric relaxation spectroscopy at gigahertz (GHz) frequencies, 16−19 nuclear magnetic resonance, 20 X-ray crystallography, 21 neutron scattering, 22 and infrared spectroscopy. 23 Among these techniques, dielectric spectroscopy from GHz to terahertz (THz) frequencies and computational techniques are advantageous for investigating the dynamics of water in confined systems, including interfacial or restricted environments, providing information on the hydrogen-bonding, diffusion, and reorientation of water around DPC micelles as well as the dynamics of micelles themselves. The structural and dynamical properties of water in the relatively simple structure of DPC micelles will shed light on hydration dynamics in biological systems.
THz vibrational modes typically involve the low-frequency, collective atomic motions of macromolecules, which include both inter-and intramolecular interactions. Thus, THz spectroscopy of biomolecules and lipid layers in aqueous environments provides an important approach for identifying their global and transient molecular structures as well as directly assessing hydrogen-bonding and other detailed environmental interactions. 24−26 However, a significant challenge in obtaining THz dielectric spectra of aqueous biomolecules and lipid layers is the strong absorption of water in the spectral range 0.5−10 THz. The dielectric relaxation of surfactant micellar solutions has been reported, 16, 27, 28 but only below 89 GHz, hence dealing with the fluctuation of ion distribution and rotational motion of polar molecules. Advances in GHz to THz technology call for a more thorough study of the dielectric response of such simple systems. Such a study can act as an important step in understanding the behavior of more complex biomolecular systems in the GHz to THz frequency range. Micellar solutions have been extensively used in microwave and THz spectroscopy, especially for studies on nanoconfined water 29 in the form of water dispersed in reverse micellar solutions. THz spectroscopy of protein-containing reverse micelles has also been investigated in the past as an alternative approach for probing collective vibrational motions in solution. 30 Recent developments in diode-based frequency multipliers have improved the accuracy of THz measurements by several orders of magnitude, which allows for high-precision measurements of the strong absorption of aqueous solutions. In this paper, we investigate interactions of zwitterionic DPC micelles with water, using a spectrometer with a frequency range from 0.05 GHz to 1.12 THz.
MATERIAL AND METHODS
2.1. Materials and Solution Preparation. Dodecylphosphocholine (DPC), purchased from Anatrace (Cat. No. 29557), was used to prepare micellar solutions. DPC (mw = 351.5) was dissolved in deionized water to form micellar solutions with concentrations ranging from 50 to 800 mM. Accurate determination of the molarity of the solutions as well as the volume filling factor of DPC in solution was critical in our calculations. The solutions were prepared by weighing and measuring the volume after dissolving DPC in deionized water for several times to obtain an accurate value of the partial specific volume. The concentration of DPC in solutions was above the critical micelle concentration of 1 mM, 4, 5, 31 at which the liquid forms nearly spherical micelles with aggregation number of 56 ± 5. 4, 5 Results focus on the dynamics of water as well as the dynamics of DPC spherical micelles in solution. The chemical structure of DPC with the numbering used in the text is shown in the Figure 1. 2.2. Complex Permittivity Spectra. We have collected complex dielectric response spectra from DPC micellar solutions in a large range of frequencies, from 50 MHz to 1.12 THz, using two different methods. From 50 MHz to 50 GHz, a vector network analyzer (PNA N5225A) was combined with a dielectric probe (HP 85070E) and a transmission test set to measure the low-frequency dielectric response (50 MHz to 5 GHz) of solutions. The cell of the transmission set consists of a coaxial line/circular cylindrical waveguide transition containing solutions. Air, water, and a shorting block were used as the standards for calibration of the dielectric probe. The real and imaginary parts of the dielectric constant were obtained directly from the system. The sample was kept in a sample cell made of anodized aluminum and the temperature was set at 25°C and controlled with an accuracy of ±0.02°C using a Lakeshore 336 temperature controller.
The dielectric response of the samples at high frequency were studied using a GHz-to-THz spectrometer based on the above vector network analyzer together with frequency multipliers from Virginia Diodes, spanning the frequency range from 60 GHz to 1.12 THz. The setup is capable of simultaneously measuring intensity and phase over a large effective dynamical range of 15 orders of magnitude. 32 Samples were kept in a home-built variable-path-length cell with submicron (∼0.08 μm) precision in changing thickness. The temperature of the sample is controlled with the previously mentioned temperature controller. The sample cell was built with anodized aluminum to ensure thermal stability of solutions. For each frequency, we measured 200 data points of the intensity and phase shift of solutions as a function of the path length. The absorption and refractive index of solutions at each frequency were determined from the best fit of the intensity and phase data to the sample thickness. The very high dynamic range of the frequency extenders, together with the precise sample thickness controller, allows us to obtain the most highly precise and accurate GHz-to-THz dielectric response spectra reported so far for this frequency range ( Figure 2) .
With simultaneous measurements of the absorption and refractive index, the complex refractive index of a material can be expressed as
where ν is frequency, n(ν) is the refractive index of the solution, and κ(ν) the extinction coefficient of the solution. κ(ν) is related to the absorption coefficient, α(ν), by κ(ν) = cα(ν)/ (4πν) with c being the speed of light. Similarly, the complex dielectric constant of a material can be expressed as
where ε′(ν) and ε″(ν) are the dielectric dispersion and dielectric loss components. Because our experiment can simultaneously measure both the absorption and refractive index of a material ε sol * (ν), the complex dielectric response can be calculated from the following relations:
From our absorption and refractive index measurement ( Figure  2 , top), we have determined the dielectric spectra of DPC micellar solutions (Figure 2 , bottom). 2.3. Molecular Dynamics Simulation Details. Molecular dynamics (MD) simulations have been performed using a GROMACS package (version 4.5.3) 33 with cubic periodic boundary conditions. The force field for DPC used in this work was parametrized by Abel et al. 10 for GROMOS54A7 with SPC/E water model. 34 For initializing MD simulations, the topology file and coordinates of an equilibrated DPC micellar aggregate (composed of 54 surfactant molecules) were acquired from Abel's Web site 35 and DPC force field parameters were used as published by Abel et al. 10 First, the system was equilibrated for 50 ns at constant pressure (1 bar) and temperature (298 K) using Berendsen's barostat 36 and Vrescale thermostat. 37 Next, a 60.5 ns simulation was run at constant volume in a cube with length 7.44 nm, for data collection in a canonical ensemble using the Nose−Hoover 38, 39 thermostat at T = 298 K. Water and surfactant were coupled separately, with a thermostat time constant of 0.4 ps. A time step of 2 fs was used to integrate the equations of motion. Bond lengths for the 54 DPC molecules were constrained using the LINCS algorithm, 40 with the SETTLE algorithm for the 12 794 water molecules. 41 Electrostatic interactions were calculated using the particle mesh Ewald method, 42 with an order of 4. Cutoffs of 1.4 nm were used for Coulombic and Lennard-Jones interactions. Analysis of MD data was carried out using GROMACS analysis tools and Octave. 43 The THz spectrum was calculated from MD simulations through a density of states (DoS) calculation (g_dos in the GROMACS package), which is acquired from the velocity autocorrelation function. The DoS analysis was run on the DPC surfactants in the micelle only (no waters contributing).
RESULTS AND DISCUSSION
3.1. Low Frequency Dielectric Response (50 MHz to 50 GHz). The dielectric response of polarization mechanisms in micellar solutions is still a matter of discussion, which requires more data collection on cationic, anionic, and zwitterionic surfactants. Complex dielectric responses of ionic surfactant micelles have been reported previously for cationic (hexadecyltrimethylammonium bromide−CTAB) 16 and anionic (sodium dodecyl sulfate−SDS) 28 micellar solutions (aqueous). In this paper, we have reported for the first time the dielectric response of zwitterionic DPC micellar solutions. The general observation for all three of these micelles is that a dielectric loss peak around 300 MHz (0.6 ns) is absent from the pure water spectrum but present in micellar solutions. The amplitude of the dielectric loss increases with increasing micellar concentration. The responsible polarization mechanism at 0.6 ns was proposed to be due to the diffuse counterions. 16 It is noteworthy that the peak occurred essentially at the same frequency with similar shapes and amplitudes for both CTAB and SDS micelles. Later, the polarization mechanism was interpreted as the rotation of stable ion pairs 27, 44 or as hopping of counterions bound to the charged surface of the micelles. 45 However, given the similar observations for SDS, CTAB, and DPC, the fact that DPC micelles are zwitterionic, without counterions, makes this argument less likely. For DPC micelles, there will not be any electrical double layer formed by ionic clouds around micelles and hence the likelihood of a tangential counterion current, which seems to be a prerequisite for the dielectric response if we follow the argument in the above papers, is negligible. Thus, the results with the 0.6 ns time scale component in zwitterionic micelles indicate that counterions may not play an important role in the relaxation processes measured for cationic and anionic micelles. It is interesting to note the results of Tieleman et al., who calculated the orientational correlation functions (P 2 ) of carbon atoms in the alkyl tails of surfactants in simulated DPC micelles, for comparison with NMR data. 46 They found time scales in the carbon rotation autocorrelation 
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Article function on the order of hundreds of picoseconds. Because the environments of hydrophobic tails are similar within micelles, it is reasonable to expect that hydrophobic tails within different micelles may experience similar time scales of dynamics. It may also be reasonable to predict that different surfactants within micelles can experience similar reorientational (dipole moment) time scales. The reorientation of DPC surfactants within the micelle is discussed further below.
The dielectric properties of aqueous DPC micellar solutions at GHz frequencies show a complex behavior that originates from different polarization mechanisms at the molecular level (Figure 2 , bottom). The main loss peak frequency centered at ∼19 GHz (∼8.27 ps) remains virtually unchanged. This value was found to be the same as for pure water. 47−50 In this frequency range, the dielectric response of aqueous micellar solutions mainly has contributions from (i) the motion of macromolecules, i.e., the rotation of micelles; (ii) the motion of surfactants within the micelle (i.e., undulation and motion of head groups); (iii) hydration waters in the interfacial region surrounding DPC micelles (dipoles of water molecules in hydration shells); and (iv) the orientational polarization of bulk-water molecules (water dipoles). The dielectric response of the orientational relaxation of molecular dipoles for macromolecules with the size of ∼15 kDa, such as the entire DPC micelle, is typically in the range 1−30 MHz. 51 We do not focus on these measurements in this report. The dielectric response of the orientational polarization of bulk water has been well established. 47, 49 However, the contribution of water in hydration shells of biomolecules is complicated. For example, the dielectric response of water in the hydration shells of lysozyme 51 and ribonuclease A 52 in aqueous solution consists of several dispersion regions. The contribution of water in hydration shells mainly originates from two kinds of hydration water, i.e., tightly and loosely bound water. The first hydration layer consists of water strongly interacting with the macromolecular surface. The second layer, which has weaker interactions with the macromolecular surface or is not in direct contact, consists of loosely bound water molecules that exchange with the tightly bound water and have dynamics approaching those of bulk water.
In the low-frequency region, where librational motions and inertial effects do not contribute appreciably to the dielectric response, it is sufficient to consider Debye-type relaxations to analytically present our spectra within error limits. [Note that we have employed the Havriliak−Negami equations 53 to examine our data, but it did not show better results.] We have obtained dielectric response for the motion of surfactant head groups, and the tightly bound, loosely bound, and bulk water in the form: 
where ε 0 is the permittivity of free space. Δε 1 , Δε 2 , Δε 3 , and Δε D are the dielectric strengths of each Debye process to the total relaxation for the motion of head groups on the micellar surfactant, the tightly bound, the loosely bound, and the bulk water, respectively, whereas τ 1 , τ 2 , τ 3 , and τ D are their relaxation times, respectively. ε ∞ includes contributions to the dielectric response from modes at higher frequencies. The electrical conductivity of DPC micellar solutions is below the detection of our electric conductivity measurements. Thus, we do not include the dc electrical conductivity in the dielectric response in eq 4. At 25°C, the well-known rotation relaxational time, τ D for bulk water is typically 8.27 ps. 19,47−50 The dielectric spectra of bulk water could be formally fitted by a superposition of two or three Debye processes, 47 yielding τ D ∼ 8,27 ps (19 GHz), τ D2 ∼ 1.1 ps (145 GHz), and τ D3 ∼ 0.178 ps (895 GHz) at 25°C
. In this frequency range up to 50 GHz, the contributions of the dielectric response of bulk water at the high end of the frequency range are small and can be neglected. The contributions from these modes at these high frequencies appear in the ε ∞ parameter.
Using this method, we simultaneously fit the dielectric dispersion, ε′, and loss, ε″, with the same set of free parameters. Eight parameters in eq 4 are varied simultaneously and the relaxation time for bulk water, τ D , is held fixed at the literature value.
47−50 Typical dielectric spectra for both dielectric dispersion, ε′, and dielectric loss, ε″, together with their spectral deconvolution are calculated for a DPC concentration of 100 mM (Figure 3, top) . The fit to the four-Debye model for GHz frequencies produces ε ∞ = 5.1 ± 0.5, which is now within experimental uncertainty of the prior literature value 49, 50 and Δε 1 , Δε 2 , Δε 3 , Δε D of 5.4 ± 0.5, 1.1 ± 0.3, 0.8 ± 0.3, and 68.6 ± 0.3, respectively. The dielectric loss spectrum obtained from (Top) the dielectric loss and dielectric dispersion (upper inset) spectra of 100 mM DPC in water provide insight into the dynamics of water molecules and micelles at the surface. The red curves are fits of the real and the imaginary components of the complex dielectric response. (Bottom) the dielectric loss and dielectric dispersion spectra (lower inset) of the motion of surfactant head groups, the tightly and loosely bound water for several DPC micellar solutions have been obtained by subtracting the well-defined relaxation contribution of bulk water from the total spectrum. This procedure revealed their features in relaxation processes.
Article the four-Debye model indicates four relaxation processes centered at 251 ± 15 MHz (τ 1 ∼ 633 ± 39 ps), 1.38 ± 0.13 GHz (τ 2 ∼ 105 ± 10 ps), 5.13 ± 0.95 GHz (τ 3 ∼ 31 ± 7 ps), and 19.25 ± 0.78 GHz (τ D ∼ 8.27 ± 0.35 ps). The dominating τ D process, the principle process for hydrogen-bonding liquids, reflects the cooperative reorientational dynamics of the dipole moment of bulk water in solution.
A more generalized model-independent approach for the low-frequency part of dielectric spectra has been achieved by subtracting the well-defined τ D relaxation contribution from the total spectrum. The value for the dielectric strength, Δε D , and relaxation dynamics, τ D , obtained from the contribution of bulk water is then subtracted from the measured dielectric response, ε*(ν). We have obtained dielectric response for several DPC micellar solutions (Figure 3, bottom) . This procedure revealed that dispersion and loss curves clearly exhibit their relaxation processes. The dielectric response at THz frequencies of DPC micellar solutions is complex, including the dielectric response of the collective motions of micelles and the librational and vibrational processes of water. As indicated below, we analyzed these dynamics in the high-frequency response part separately, using the effective-medium approximation and MD simulations.
The accuracy in the evaluation of dielectric parameters, including dielectric strengths and their relaxation times, depends on the magnitude of the dielectric response, mainly on the micellar concentration. By fitting eq 4 to experimental spectra, we have obtained dielectric parameters for the dielectric strengths of relaxation processes (Figure 4, top) , and their relaxation times, respectively (inset in Figure 4 , top), for several DPC micellar solutions. The time constants for relaxation processes are independent of micellar concentration. The amplitudes of the dielectric strengths vary strongly with rising concentration of micelles (Figure 4) . Specifically, although the dielectric strength for bulk water in micellar solutions at τ D ∼ 8.27 ps decreases with increasing DPC concentration (Figure 4, bottom) , the dielectric strengths for slower processes increase with concentration. Further, the amplitudes for two processes, τ 2 and τ 3 , show saturation at high micellar concentrations.
The dielectric measurements provide us information about relaxation processes in DPC micellar solutions. The relaxation process at the slowest time constant cannot be attributed to the rotational process of DPC micelles because τ 1 is much smaller than the predicted relaxation time scale of macromolecules with a size of 15 kDa. 19, 51 Regarding whether this signal (633 ± 39 ps) can be attributed to water dynamics at the micellar interface, it is instructive to consider the chemical makeup of the hydrophilic head groups. The DPC surfactants are electrically neutral, and the head groups contain several heteroatoms. However, the surface of DPC micelles provides fewer hydrogen bonds when compared to a protein surface. We can expect that the relaxation times for water in hydration layers of DPC micelles are faster than those of proteins, which typically exhibit the slowest relaxation times on the order from 300 to 500 ps. 51, 52 As shown in Figure 4 , the dielectric strength for the slowest process, τ 1 , increases linearly for the whole range of DPC micellar concentrations. Thus, this relaxation has to be assigned to the rotation of the DPC surfactant, primarily, motion of the head groups. This interpretation is well supported by our dynamics studies of DPC head groups in the micellar environment by MD simulations.
The dynamics of water in aqueous DPC micellar solutions present a complex dielectric response behavior at the molecular level. As mentioned above (Figure 4) , the amplitudes of the dielectric strengths for faster processes, τ 2 and τ 3 , saturate at high micellar concentrations, thus these dynamics cannot be attributed to micelle-specific processes. The dynamics for these processes centered at 1−2 GHz (∼105 ps) and 4−6 GHz (∼31 ps), respectively, are greater than that of bulk-water relaxation by factors of 13 and 4. From the behavior of dielectric strengths and the relaxation times, these processes are related to cooperative molecular dynamics in hydrated layers. The processes are highly cooperative in the densely packed hydration layers of DPC micelles, leading to a detectable slowdown in the dielectric relaxation times of bound water compared to that of bulk water. Water molecules having the relaxation time, τ 2 , of 105 ± 10 ps are in the tightly bound hydration layer. These water molecules have a strong and direct hydration bond with DPC surfactant. The loosely bound water molecules, having indirect contacts or weaker hydration interactions with the macromolecular surface, have a relaxation time, τ 3 , of 31 ± 7 ps.
The structure of hydration shells, which are heterogeneous at the molecular level and distinct from bulk water, could be The Journal of Physical Chemistry B Article obtained from dielectric measurements. The hydration water, reflecting the total number of water molecules affected by macromolecules, can be deducted from the dielectric strength of bulk water. Therefore, this parameter is used to determine the water content in different kinds of soft materials. 51, 54 The presence of DPC micelles in aqueous solutions causes a decrease in the amplitude of the dielectric response of bulk water for two reasons: (i) The presence of the DPC micelles in solution reduces the volume of bulk water in solution, resulting in an overall lowering of the dielectric response. The continuous line (Figure 4, bottom) represents the dielectric strength of ideal bulk water under an assumption that all water molecules in micellar solutions participate in the τ D relaxation process of bulk water. (ii) Water molecules have hydrogen bonds in the vicinity of micelles and these water molecules no longer contribute to the τ D relaxation process of bulk water. We estimated how many water molecules participated in hydration shells, through a comparison of the dielectric values for the bulk water in DPC solutions and the dielectric response of the total volume of water added to the solutions as a function of the concentration, c, of micellar solutions using the Cavell equation: 51, 52 ε ε ε ε ε
The equation connects the dielectric strength of the jth relaxation process, Δε j , to the concentration of micelle in solutions, c, the shape parameter of the relaxing particle, A j (for sphere A j = 1/3), the thermal energy, k B T, Avogadro's number, N A , the static permittivity, ε, the vacuum permittivity, ε 0 , its permanent dipole, μ 0 , its polarizability, α j , and the reaction field factor, f j . Normalizing eq 5 to pure water, we obtain the apparent water concentration as a function of micellar concentration, c w 
where Δε pure = 73.25 is the dielectric strength of pure water at 25°C 47−50 and c pure = 55.35 M represents the molarity of pure water. We define the effective hydration number per micelle, N hyd (c):
where c w is the concentration of water in the solution, and n is the aggregation number of 56 ± 5 for DPC micelles. These water molecules per micelle do not participate in relaxation processes of bulk water due to the hydration effect (inset in Figure 4 , bottom). As can be seen, the hydration number is approximately constant at 950 ± 45 water molecules per micelle in the low range of DPC concentration up to 400 mM, but it decreases at higher DPC concentration. The relaxation parameters and hydration number per DPC micelle are summarized in Table 1 . When the DPC concentration is low, the micelles are monodisperse, and the average distance between micelles is much larger than the hydration number thickness, and thus, the hydration number, N hyd , is, to a first approximation, independent of concentration. When the concentration of DPC increases to a certain level, the DPC micelles aggregate in small equilibrium clusters, resulting in a decrease of the hydration number. This observation is similar to dielectric measurements of lysozyme in a large range of concentrations. 51 Also, an observation using small-angle neutron scattering for DPC micelles has indicated decreasing micellar hydration with increasing concentration as surfactants become more closely packed and compete with one another for space within the micellar arrangement. 55 
High-Frequency Response (60 GHz to 1.12 THz).
THz spectroscopy is a new tool to study solvation effects by probing the coupled collective modes of solute and solvent. 24, 47 It is experimentally challenging due to the strong THz absorption of water. Using our high resolution and dynamic THz frequency-domain spectroscopy and a variable-thickness cell, we have determined the absorption coefficient and refractive index of DPC micellar solutions along with that of pure water (Figure 2) . A quick glance at the absorption as well as the refractive index data indicates that these are strong functions of frequency, increasing and decreasing with increasing frequency, respectively. It is evident that the most prominent effect of addition of solvent is a monotonic decrease in absorption with increasing solvent concentration. This is primarily due to the fact that the higher absorbing solvent is replaced by the solute having a much lower absorption.
In dealing with the heterogeneous system, the dielectric response of dispersed solvent molecules in a bulk solvent is employed, rather than assuming that overall absorption is the sum of the absorption of its constituents. DPC micellar solutions are a mixture of water and DPC micelles and their complex dielectric response were determined from the experimental observables (Figure 2, bottom) . We assume that (i) DPC micelles in solution are spherical with a radius of R micelles and have a spherical hydration shell with a thickness of d, (ii) the water molecules in the hydration shell are a part of DPC micelles, and (iii) solvent outside of the DPC micelles has the same dielectric property as that of pure water. Because the size of DPC micelles with hydration water is orders of magnitude smaller than the wavelength of the probing electromagnetic radiation, the medium can be considered homogeneous with an effective dielectric response. A more elegant method has been employed for the effective-medium approximation, such as the Bruggeman model, 56 which (8) where ε wat * (ν) is the complex dielectric response of water; ε micelles * is the complex dielectric response of hydrated DPC micelles described as the process of forming an aggregate with hydrophilic regions in contact with surrounding solvent; f micelles = (N DPC /V)(4π/3)(R micelles + d) is the volume fraction of the micelles with hydration water, and N DPC /V is the concentration of the DPC micelles in solution.
When we performed the Bruggemann effective-medium analysis, we found that each DPC micelle entraps a hydration shell composed of 310 ± 45 water molecules. Unlike the naïve absorbance-based method used in prior literature, 60 which estimate the size of the hydration shell by assuming that the macromolecule's absorption falls to zero at its minimum, this method of estimating the size of the tightly bound hydration shell requires only the well-founded assumption that the micellar absorption falls to zero at zero frequency. 24 The value of 310 water molecules for the THz-defined hydration shell has a size similar to that of a monolayer on the surface of the DPC micelles. Specifically, if we approximate DPC as a ∼2 nm diameter sphere, a solvent layer with one molecule deep will contain 350 water molecules. Using the number of water molecules in the hydration shell related to the scaled filling factor and the measured ε wat * (ν) and ε sol * (ν), we employ eq 8 to obtain the dielectric spectra for several hydrated DPC concentrations ( Figure 5 ). It should be noted that the hydration number calculated from the effective-medium approximation is lower than those from the GHz dielectric relaxation spectroscopy. This is expected, because through this method we determine the number of hydration water molecules that have strong hydrogen bonds with the DPC surfactant. These water molecules become an integral part of micelles and cannot move easily; instead, they are held in the tightly bound hydration layer.
Understanding how micellar dynamics and structure are connected to the chemical composition and geometry of the surfactants offers a considerable challenge. Numerous theoretical approaches and simulations 61−63 have been proposed to predict structure−property relationships. Experimental techniques typically obtained by small-angle neutral scattering, 64 static and dynamic light scattering, 65 and cryogenic transmission electron microscopy, 66 which can probe a wide range of length and time scales, are needed to fully characterize micelles and correlate the micellar structure to the dynamical behavior, a fundamental prerequisite for developing practical formulations. The techniques measure the radius of gyration and make a link between micellar structure and dynamics. Here, we directly probe the collective dynamics of DPC micelles with THz radiation using the Bruggemann approximation to exclude the contribution from bulk water for several DPC solutions ( Figure  5 ). Upon doing so, we found that these spectra are characterized by a rising dielectric loss and a broad maximum of the dielectric dispersion component. For DPC concentrations below 400 mM, the measured dielectric response extracted from the effective-medium approximation is independent from concentration, suggesting that the size of the tightly bound hydration shell is likewise independent of DPC concentration. This is the first time that the collective dynamics of DPC micelles in the THz region have been reported. MD simulations, discussed below, indicate that tightly bound water molecules are those directly hydrogen-bonded to DPC surfactants. They also explain the collective motions of DPC micelles observed in the THz spectrum.
3.3. Molecular Dynamics Simulations. To gain insight into the experimental observation of the dynamics and structure of hydration waters, the motion of head groups of DPC surfactants as well as the collective motions of micelles, we have carried out MD simulations for hydrated DPC micelles, for comparison to low-concentration dielectric spectra. The combination of MD simulations with GHz to THz spectroscopy provides a microscopic picture of the coupled micelle-solvent dynamics associated with micellar aggregates. The solvation shells of DPC micelles were first analyzed by calculating the solvent radial density functions ( Figure 6 ). The Figure 5 . Dielectric loss, ϵ″(ν), and dispersion, ϵ″(ν) (inset), spectra of micelles in several DPC solutions at 25°C in the THz frequency range from 60 GHz to 1.2 THz providing insight into the collective motions of micelles using the Bruggemann effective-medium approximation. From the effective-medium approximation, it is found that 310 water molecules in the hydration shell around DPC no longer behave as bulk water. The DoS analysis (orange line) from MD simulations was run on the DPC surfactants in the micelle only (no waters contributing). The Journal of Physical Chemistry B Article radial distribution function (RDF) of water's oxygen was calculated around several atoms of DPC: C 12 , the carbon nearest the headgroup; the phosphorus atom; and the nitrogen atom ( Figure 1 ). The zwitterionic DPC headgroup has more chemical complexity than most surfactants, but the combined waters within the first peak of these three radial density functions appear to be the first solvation shell (composed of both loosely bound and tightly bound waters, as discussed below). By taking a time average of the number of waters within the first peak of the solvent RDF around DPC headgroup atoms C 12 , N, and P, we calculated the solvation shell size to be 995 ± 26 waters. This is in remarkably good agreement with the number of hydration waters (950 ± 45) measured with dielectric spectroscopy at low concentrations of DPC micelle. We also found that by selecting waters within 4 Å of any DPC atom, the solvation shell sets have nearly complete overlap, and thus, this definition was used for further analysis of solvation shell dynamics in DPC micellar simulations.
It was observed that the DPC lipid can have multiple headgroup conformations ( Figure 7) . 62, 67 These include an extended monomer, in which the DPC molecule remains fairly linear ( Figure 7a) ; an intramolecular zwitterionic motif, in which the headgroup folds over by Coulombic attraction to itself ( Figure 7b) ; and a vicinal coupling motif, in which neighboring DPC molecules' cationic and anionic portions are in close proximity (Figure 7c) . Overall, the surfaces of DPC micelles are rough, having channels that are primarily lined with the cationic amine groups, with some anionic (phosphate) oxygens also being surface-exposed. The surface-exposed atoms are illustrated in Figure 8 , left panel, with trimethylamines pictured in aqua, and oxygens in red. Figure 8 , right panel, shows waters within the channels, with the whole micelle surface pictured in dark blue. It can be seen that waters at the surface of the micelle are somewhat confined. Along with Coulombic interactions at the surface, this leads to a slowdown in water dynamics.
Water molecules in the solvation layer around and within proteins have been found to have drastic reductions in dynamics, on the time scale of 500 ps by dielectric spectroscopy. 51 It is interesting to note that the cationic methylamine groups of DPC are much softer ions than are typically found in protein structures, with an effective radius larger than the Rb + cation. As discussed by Abel et al., the methyl groups of the amine fully shield the nitrogen and, consequently, water molecules contact only the methyl groups on the cation. 10 Previous dielectric spectroscopy experiments have shown that larger monocations have a significantly smaller effect on water dynamics than harder, smaller ions such as Na + or Li + . 52 Water around proteins also experiences the largest slowdown in dynamics within confined or concave spaces. 68 The divots or "canals" seen along the micelle surface are not as confining as protein active sites or interdomain regions. Furthermore, DPC only has hydrogen bond donors, rather than a multitude of hydrogen bond donors and acceptors, as is found in proteins. Therefore, it should not be surprising that no hydration dynamics around the time scale of 500 ps were found in the DPC micelle solvation shell. Rather, the longest dynamics measured in the GHz spectroscopy can be attributed to the motion of head groups of DPC surfactants within the micelle.
The only hydrogen-bonding groups on the DPC molecule are the four oxygens around phosphorus, with the phosphate oxygens surrounded by a higher number of waters than the ester oxygens. 10 Waters with hydrogen bonds to surfaces The Journal of Physical Chemistry B Article typically result in slower reorientation times. 69 Therefore, solvation shell waters participating in hydrogen bonds with DPC oxygens were evaluated separately. It was found that, on average, there are 297 ± 17 hydrogen-bonded waters throughout the trajectory. This is in excellent agreement with the number of tightly bound waters (310 ± 45) measured with dielectric spectroscopy at THz frequencies using the effectivemedium approximation method.
The first Legendre polynomial (P 1 ) of the reorientation autocorrelation function (ACF) for tightly bound water (directly hydrogen-bonded to DPC) and the reorientation of waters within the solvation shell that are not hydrogen-bonded to DPC (identified as loosely bound waters) are given in Figure  9a . According to the extended jump model, water reorientation is slower when it hydrogen bonds to a surface, and this is reflected in the slower decay of the rotational ACF of tightly bound (hydrogen-bonded) waters. 70 The reorientational lifetimes of tightly and loosely bound waters were found by fitting a triexponential decay function. The long-time components of tightly and loosely bound waters were calculated to be 115 ± 5 and 42 ± 10 ps, respectively. These values are in good agreement with the dielectric spectroscopy measurements, which found characteristic time scales of 105 ps for tightly bound waters and 31 ps for loosely bound waters, respectively.
The relaxational dynamics of DPC molecules within the micelle were characterized with the rotational autocorrelation function (Figure 9b ). The reorientation time scales of head groups on DPC surfactants were determined by fitting a multiexponential decay function (red traces, Figure 9 ). As described in our recent paper on cetylpyridinium bromide micelles, 62 the short time scale of surfactant reorientation, fit to 79 ps for DPC, likely corresponds to spinning of the surfactant about its axis. Meanwhile, the longer time scale, fit at 591 ps, likely corresponds to headgroup reorientation or waving along its axis (like seaweed swaying in water). Note that the micelle environment confines surfactant rotation, approximately to a conical section, so that reorientation has a very long component of decay that fits to 4.9 ns. The THz-to-GHz spectroscopy of DPC micelles measures a component at 600 ps, which thus can be assigned to surfactant reorientation. It is interesting to recall that a 600 ps component has also been measured by dielectric spectroscopy at GHz frequencies for SDS 16 and CTAB 28 micelles. Although those spectroscopic peaks have been attributed to the diffuse counterions, 16 the rotation of stable ion pairs, 27, 44 or the hopping of counterions bound to the charged surface of micelles, 45 it is also possible that the dipolar relaxation of surfactants of similar sizes, shapes, and charge distributions within micelles takes place on a characteristic time scale on the order of ∼600−1000 ps.
The contribution of the collective dynamics of DPC within the micellar environment to the THz spectrum can be seen from MD calculations for the density of states (orange curve, Figure 5 ). The data from MD simulations come solely from the density of states calculation for the micelle itself (not including water). It can be seen that the collective dynamics of surfactant within the DPC micelle make major contributions to the THz spectrum. These motions within a micelle involve bending and undulation of surfactant molecules, including movements of the headgroup and curving of the alkyl tail. 62 These collective dynamics of micelles have been studied previously using neutron spin−echo spectroscopy 61 and light scattering, 71 with surfactants exhibiting breathing modes and worm-like motions. 71 The multiple conformations observed for the DPC head groups (Figure 7 ) indicate that the dynamics of DPC within the micelle may be driven in part by interactions between the cationic and anionic portions of the head groups. The surfactants can transition between intramolecular and intermolecular (vicinal) zwitterionic coupling, as well as having extended conformations out into the hydration layer. In summary, these multiple conformations are evidence of the structural diversity and dynamic processes of surfactant within the DPC micelle. Future work in DPC simulations is planned to determine how water models influence headgroup conformational structure and dynamics.
CONCLUSIONS
We have conducted high-precision dielectric spectroscopy of DPC micellar solutions in a wide frequency range from 50 MHz to 1.12 THz to characterize the structure and dynamics of zwitterionic micelles and solvation, and used MD simulations to explain experimental results. The low-frequency part indicates that four different relaxational processes occur in DPC aqueous solutions, including the motion of DPC surfactant head groups, which have a reorientation time of ∼600 ps; hydration waters with times on the order of 30−150 ps; and bulk water with a time of 8 ps. There are two types of hydration water molecules in DPC micellar solutions, which are tightly and loosely bound waters at the DPC micellar surface. The total amount of hydration water of 950 molecules per micelle has been obtained from the dielectric strengths of bulk water in DPC solutions, which is in excellent agreement with the number of waters in MD simulations found within a distance of 4 Å from the DPC headgroup atoms. Using the effective-medium approximation for the dielectric measurements at THz frequency, we are able to extract the amount of tightly bound waters in the first hydration shell of 310 molecules. The observation is in excellent agreement with MD simulations, which indicate ∼300 waters directly hydrogen-bonded to DPC. These water molecules have slower reorientational dynamics than the rest of the solvation shell.
It is interesting to note that, although the phosphatidylcholine headgroup is composed of 11 heavy atoms (not H) and The Journal of Physical Chemistry B Article two ionic portions, the only hydration waters that are tightly bound are those in direct contact with the oxygen atoms (primarily, the two anionic oxygens). It is known that the dynamics of hydration waters can strongly influence the structure and dynamics of biomolecules, but our ability to predict how biomolecular structures influence water dynamics is quite limited. These results suggest that the confinement effects seen in proteins, which dramatically slow water dynamics, are not present in the rough terrain of the micellar surface. The cationic trimethylammonium groups likewise have a modest effect on water dynamics, being soft ions incapable of hydrogen-bonding. Rather, the dominant structural factor affecting water dynamics in the presence of the DPC micelle is hydrogen-bonding atoms. This is useful information for future work, when the effects of lipid membrane composition on water dynamics, and the interplay of hydration dynamics with lipid membrane and membrane protein properties, may be considered.
Finally, at the THz frequency, we have observed the collective vibrational modes within DPC micelles. Simulations indicate that the dominant contribution to the peaks comes from large-scale motions of the lipids within the confining environment of the micelle. These studies represent the first time that a clear peak has been experimentally observed and identified in the dielectric spectroscopy of membrane mimics.
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